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study, to our knowledge, this is the first attempt to apply this framework to the design of functional materials in electrochemistry.
We have built a robotic platform for characterizing battery electrolytes 22, 23 , shown in schematic in Figure 1 ; we allow this platform to run autonomously, guided by a machine-learning optimizer that plans each experimental iteration sequentially based on real-time experimental feedback. In this work, we demonstrate the use of this platform to optimize for a single objective -the electrolyte's electrochemical stability window -in both lithium-ion and sodium-ion aqueous electrolytes. We report a novel, high-performing dual-anion sodium electrolyte discovered by this platform over just 40 hours of continuous experimentation given four common sodium salts to choose from. The blended electrolyte is measured to have a wider electrochemical stability window than state-of-the-art sodium electrolyte 24 , suggesting a longer calendar life and improved high-rate capability over the state-of-the-art system. This result illustrates the promise of using machinelearning coupled to robotic experiments to rapidly optimize material designs and discover designs that human experimenters may miss.
The non-aqueous electrolytes commonly used in modern batteries are highly flammable, and present significant safety hazards and manufacturing costs relating to safety, storage, and management 1, 25 . Aqueous electrolytes are an attractive alternative. They are safer, lower-cost, and more conductive that non-aqueous counterparts 26, 27 . High conductivity particularly suits largeformat batteries that may be used in the electrical grid to smooth out the intermittent generation of power from renewable sources 28 . Figure 8 .
Aqueous electrolytes have a narrow electrochemical stability window, limited by the hydrogen evolution reaction (HER) at low electrochemical potentials and the oxygen evolution reaction (OER) at high potentials 29 . These parasitic reactions preclude the use of the modern, high-voltage electrode couples that enable the high energy density of non-aqueous batteries 25 , and lead to poor cycling capability, calendar life, and diminished high-rate performance 30 . A recent trend in aqueous electrolyte design uses very high salt concentrations to suppress these reactions, either by deposition of a kinetically passivating electrode film (generally via anionic reduction) or by modifying interfacial hydration structures to achieve similar effects. These "water-in-salt" electrolytes have been shown to expand the electrochemical stability window from less than 2V for a standard aqueous electrolyte up to 3V, with effects demonstrated for a wide variety of salts [1] [2] [3] 24 . Water concentration alone has been shown to have asymmetric influence on electrolyte resistance to HER and We reformulate aqueous electrolyte design as a black box optimization problem, where the electrolyte formulation is given as input and measured properties are output as optimization objectives. Our robotic electrolyte test-stand, named Otto, mixes together aqueous electrolyte salts, pre-dissolved near saturation into feeder solutions, and measures two electrolyte objectives -ionic conductivity and electrochemical stability -along with temperature and pH. Electrochemical stability is tested with constant current holds at four current levels (111, 22, 5, then 1 mA/cm 2 , first testing OER onset potentials then HER onset potentials) on two platinum wires with an Ag/AgCl reference electrode. As described previously 22 , we utilize a slope-extrapolation method between 22 and 5 mA/cm 2 to the zero-current axis to characterize electrolyte stability. This method will over-estimate electrolyte stability compared to longer measurements done at a lower currents (e.g. Table 1 ; compositions of the best blended electrolytes discovered by Dragonfly are given in Table 2 . are the top blends found by Dragonfly, whose compositions are given in The optimization over lithium electrolytes is illustrated in Figure 3 (D). Dragonfly initializes by randomly sampling the design space in the first five runs, which, in the lithium case, included a strong electrolyte. The three-dimensional design space is much smaller than the sodium design space. The lithium optimization converges much faster than the sodium optimization. The optimizer converged on two blends and pure LiNO 3 feeder solution as three candidates with optimal stability windows -other high performing candidates were dilutions of LiNO 3 and not tested. These electrolytes were run for an additional 4 experiments each; the measured potentials are shown in Figure 3 (E) and (F). The concentrated LiNO 3 electrolyte is the strongest performer tested by the optimizer and has been used extensively in literature 2, 29 .
Blend E and NaClO 4 were run for a longer, detailed evaluation of OER stability in Otto, illustrated in Figure 4 . Current density was varied in half log-decade steps from j = 10 −1 to 10 −5 A/cm 2 . A Tafel equation was fit to the average of 7 sequential runs, ignoring high current steps j = 10 −1 and 10 −1.5 A/cm 2 . Otto has previously been used to replicate the Tafel slope of 1M Figure 4 : Results for 7 runs on Blend E against control NaClO 4 suggest that the blend is better at suppressing OER than NaClO 4 . The potential for an acceptable leakage current (30µA/cm 2 ) is 24 mV higher in the blend, and the blend illustrates significantly improved high-rate capability with a 58% (-0.37 log units) suppression of current density at 2V compared to NaClO 4 . The two electrolytes are close in pH (near 8.8); the potentials given are therefore not pH shifted.
KOH standard for OER posited in literature 34 to within experimental error (Extended Data Fig.5 ).
Full data figures and methods for this run are given in the SI and Extended Data Fig. 6 and 7 . The results suggest that Blend E is more to stable to OER than NaClO 4 -a high-performing state-ofthe-art sodium electrolyte extensively evaluated in past work 24 . The potential at an acceptable OER leakage current 33 (30µA/cm 2 ) is 24 mV higher in the blend than in the NaClO 4 feeder solution,
suggesting a longer calendar life for a potential aqueous battery built with the blend. The blend also shows significantly improved high-rate capability with a 58% suppression of OER current density at 2V compared to the NaClO 4 feeder solution.
It is not a priori intuitive why a blend of two common sodium salts would better suppress OER compared to its pure counterparts -these two salts together may form a novel passivating film 24 or better suppress water activity 2 . Previous rationalization of OER suppression via the latter mechanism leveraged the Hofmeister series, a scale for relative interaction strength between a specific anion and water 24 . This may not apply to the potentially complex interactions in highconcentration, blended salts. Further theoretical and experimental analysis would be required to characterize the precise role nitrate anions play in the perchlorate electrolyte.
A machine-learning-guided robotic test-stand has explored a design space of previously reported aqueous electrolyte components, and discovered previously unknown, non-intuitive, but higher performing aqueous electrolyte. We believe this result serves as proof-of-principle that autonomous battery design can generate materials that a human designer may miss. More complex mixtures, whether aqueous or non-aqueous, and co-optimizing electrode and electrolyte can be tested without changing the principle of our approach. Preparation of solutions All solutions were mixed in ambient atmosphere, beakers were sealed off with parafilm once all solid was added to the deionized water. Solutions were mixed with VWR brand magnetic stir bars for a minimum of 30 min past the dissolution of the last visible solid.
Methods

Materials
Temperature was regulated by setting hot plates to maximum of 30 • C for endothermic solutions and through water baths at ambient temperature for exothermic solutions; all solutions were mixed for at least 30 minutes at ambient conditions before density measurements were performed.
Experimental details Details on test-stand components for each measured property can be found in abundance in a previous publication 22 . As reported previously, each experimental iteration consisted of 3 separate Otto runs -a wash with deionized water, then an initial run with the requested mixture, then a second, "production" run that was reported as data. This procedure was shown to have highest fidelity against benchmark cases 22 Corresponding Authors Correspondence and requests for materials should be addressed to Jay Whitacre, (email: whitacre@andrew.cmu.edu) and Venkat Viswanathan, (email: venkvis@cmu.edu).
Competing Interests The authors declare that they have no competing financial interests. Each step corresponds to a different current density, potential is measured by the Palmsens probes attached to platinum electrodes with respect to an Ag/AgCl reference. The electrolyte tested here is 7mL of 16 molal NaClO4 dissolved in water.
Extended Data
Figure 4:
Derived quantities from staircase potentiometry visualized. Quantities are calculated using the average of the last 2 seconds of each current step (to sample the equilibrated data). The surface is preconditioned with 10seconds of 111 mA/cm 2 current on each side. The order of the test is positive (i.e. anodic, OER) currents at 111, 20, 5, then 1 mA/cm 2 , then the same currents as negative (i.e. cathodic, HER), with non-preconditioning steps held for 6-7 seconds. The slopeextrapolation method has consistent performance 1 across a range of electrolytes, and thus is used during grid survey and ML-guided optimization. Afterwards, the best blends were subjected to a detailed evaluation at many current steps (much lower than the lowest in this fast assessment). The electrolyte tested in this figure is 7mL of 16 molal NaClO4 dissolved in water, pH shifted to 0 and reported against SHE (converted from Ag/AgCl). Potential difference of 50mV could be due to electrode surfaces or geometry differences. Figure 6 : A detailed evaluation of Blend E and NaClO 4 was undertaken by running half-logdecade steps of current density from 10 −1 to 10 −5 in A/cm 2 . Only current densities from -2 and -5 were considered for the fit. 10 sequential runs were completed (run order is illustrated in the two colorbars), recirculating electrolyte; based on the above figure, the first three runs for each electrolyte were ignored as results indicated the conditioning/formation of platinum oxide film on the electrodes. Steps log(j) = −2 to −3.5 were held for 30 seconds each, with the last 5 seconds averaged to generate the data point.
Step log(j) = −4 was held for 60 seconds, −4.5 for 90 seconds, and −5 for 120 seconds, with the last 5 seconds of each averaged to get each point plotted. 
